Extended-spectrum ␤-lactamases (ESBLs), mainly of the CTX-M family, have been associated with Escherichia coli strains of animal origin in Europe. An in vivo experiment was performed to study the effects of veterinary ␤-lactam drugs on the selection and persistence of ESBL-producing E. coli in the intestinal flora of pigs. Twenty pigs were randomly allocated into three treatment groups and one control group. All pigs were inoculated intragastrically with 10 10 CFU of a nalidixic acid (NAL)-resistant mutant derived from a CTX-M-1-producing E. coli strain of pig origin. Treatment with amoxicillin, ceftiofur, or cefquinome according to the instructions on the product label was initiated immediately after bacterial inoculation. Feces were collected from the rectum before inoculation and on days 4, 8, 15, 22, and 25 after the start of treatment. The total and resistant coliforms were counted on MacConkey agar with and without cefotaxime (CTX). Furthermore, MacConkey agar with CTX and NAL was used to count the number of CFU of the inoculated strain. Significantly higher counts of CTX-resistant coliforms were observed in the three treatment groups than in the control group for up to 22 days after the discontinuation of treatment. Ceftiofur and cefquinome exerted larger selective effects than amoxicillin, and the effects persisted beyond the withdrawal times recommended for these cephalosporins. The inoculated strain was detected in only nine animals on day 25. The increase in the number of CTX-resistant coliforms was mainly due to the proliferation of indigenous CTX-M-producing strains and the possible emergence of strains that acquired CTX-M genes by horizontal transfer. The study provides evidence that the cephalosporins used in pig production select for CTX-M-producing E. coli strains. Their use in animals should be carefully considered in view of the critical importance of cephalosporins and the zoonotic potential of ESBL-producing bacteria.
Extended-spectrum ␤-lactamases (ESBLs) are class A ␤-lactamases which include three main families: TEM, SHV, and CTX-M (20) . The bla CTX-M genes emerged later but were able to spread rapidly, and human infections associated with this ESBL type have recently assumed pandemic proportions (4) . Infections with ESBL producers were originally confined to hospitals and nursing homes; but the scenario has rapidly changed, and today community-acquired infections may also occur (18) . Furthermore, different animal species and food products have been shown to carry bacteria that harbor these resistance determinants and to be possible reservoirs for human infection (1, 2, 17, 19) .
Various studies have shown that cephalosporin use is a risk factor for the acquisition of ESBL-producing strains in humans (20) . Cephalosporins licensed for exclusive veterinary use, ceftiofur and cefquinome, are oxyiminocephalosporins (14) . According to the instructions on their labels, the two cephalosporins are indicated for use for the treatment of respiratory infections; and cefquinome can also be used for the treatment of mastitis metritis agalaxia syndrome in sows, exudative epidermitis, and meningitis. A recent study in pigs from Danish pig farms revealed that ceftiofur is also used prophylactically in 1-day-old piglets to prevent arthritis, meningitis, septicemia, and diarrhea (15) . CTX-M-1-producing Escherichia coli strains were isolated from piglets and slaughter pigs from farms that used ceftiofur but could not be detected on control farms without a recent history of ceftiofur usage (15) .
In this study, an in vivo experiment was performed to investigate the selection and persistence of CTX-M-1-producing E. coli strains in the intestinal tracts of pigs treated with three veterinary ␤-lactam products licensed for use for the treatment of respiratory infections: amoxicillin, ceftiofur, and cefquinome. Changes in the counts of total and cefotaxime (CTX)-resistant coliforms were used to assess the effects of the three ␤-lactams on the selection of a CTX-M-1-producing E. coli strain inoculated at the beginning of the experiment and indigenous CTX-M-producing E. coli strains occurring in the intestinal flora of the pigs.
MATERIALS AND METHODS
Animals, housing conditions, and ethical issues. Twenty 8-week-old crossbred female pigs with weights ranging from 15 to 20 kg were purchased from a specific-pathogen-free farm in Denmark. The animals were housed in a level 2 isolation unit at the Faculty of Life Sciences, University of Copenhagen. All procedures concerning the animal experiments were performed in compliance with the Animals Scientific Act and were performed under the license and approval of the Danish National Animal Experiment Inspectorate (LBK no. 1306 23/11/2007; license no. 2006/561-1141). The animals were observed twice every day for any clinical signs (behavior, gastrointestinal function, respiratory distress, and food and water intake), and rectal temperatures were taken whenever any procedure was done on the animals. At the end of the experiment the animals were euthanized by captive bolt pistol insensibilization and bleeding.
Bacterial strain. The bacterial strain used to inoculate the pigs was a nalidixic acid (NAL)-resistant mutant (MIC ϭ 32 g/ml) obtained by spontaneous mutation of E. coli KV7, a CTX-resistant strain (MIC Ͼ 2 g/ml) previously isolated from the feces of a healthy piglet treated with ceftiofur (15) . The strain harbored bla CTX-M-1 on an IncN conjugative plasmid. It was additionally resistant to chloramphenicol, trimethoprim, streptomycin, tetracycline, and sulfamethoxazole and belonged to serotype O27 and phylogenetic group D. NAL resistance (MIC Ն 32 g/ml) was used as a marker to distinguish the inoculated strain from CTX-resistant coliforms that preexisted in the intestinal flora or that emerged during the experiment as a result of horizontal gene transfer. Preliminary in vitro studies showed that the NAL-resistant mutant had a growth rate similar to that of the wild-type strain (data not shown).
Experimental setup. Bacterial inoculation was performed immediately before antimicrobial treatment. An endogastric tube was used to inoculate 10 ml of a saline suspension containing approximately 10 9 CFU/ml of the CTX-M-1-producing strain.
Antimicrobial drugs were purchased as veterinary medical products. Treatment started immediately after bacterial inoculation on day 1, and each antimicrobial product was administered once a day for 3 days by intramuscular injection, according to the standard treatment recommended for respiratory disease in pigs, as follows: amoxicillin at 15 mg/kg of body weight (BW) (group 1), and ceftiofur at 3 mg/kg BW (group 2), cefquinome at 2 mg/kg BW (group 3). The control group was inoculated with the CTX-and NAL-resistant strain but did not receive any antimicrobial treatment (group 0).
Collection and microbiological analysis of fecal samples. Fecal samples of about 10 g were collected from the rectum prior to antimicrobial treatment (day 0) and on days 4, 8, 15, 22, and 25. Serial 10-fold dilutions were used to count the numbers of viable coliforms on MacConkey agar (Merck) plates, the numbers of CTX-resistant coliforms on MacConkey agar supplemented with 2 g/ml CTX, and the numbers of the inoculated CTX-M-1-producing strain on MacConkey agar supplemented with 2 g/ml CTX and 16 g/ml NAL. All counts (CFU/g) were determined by the spot method. Briefly, 20 l of each dilution was inoculated as a spot on two replicate plates, followed by 24 h of incubation at 37°C. This method allowed the detection of the coliforms and the quantification of the coliforms at greater than or equal to 500 CFU/g (2.7 log CFU/g) of feces.
On days 0 and 25, representative colonies were isolated from the selective plates containing CTX or CTX and NAL. All isolates were identified as E. coli by the indole, methyl red, Voges-Proskauer, and citrate tests. Isolates confirmed to be E. coli were screened for the presence of the bla CTX-M gene by PCR, and selected amplification products were sequenced for gene identification (13) . In order to enable a comparison of the isolates obtained at different time points and the inoculated strain, one or two isolates obtained from each animal and at different sampling times were further characterized by pulsed-field gel electrophoresis (PFGE) with XbaI (5), and their phylogenetic groups were determined by PCR (6) .
Statistical analysis. To compare the effects of each treatment on the selection of resistant ESBL-producing coliforms, a linear model was fit to the data by using the mixed procedure in the SAS program (version 9.1). The response variables were the total counts of CTX-resistant coliforms or CTX-and NAL-resistant coliforms per gram of feces (on the log scale), and the explanatory variables were time and treatment group (amoxicillin, ceftiofur, or cefquinome). Confidence intervals were calculated for the estimated differences, and a difference was deemed significant when the 95% confidence intervals excluded 0. The statistical model included the baseline counts as a covariate to adjust for possible effects on the outcome of the experiment.
RESULTS
All animals maintained good health status throughout the experiment, and their weights increased from 15 to 20 kg to 22 to 31 kg (average daily weight gain, 302 Ϯ 0.064 g). No significant differences in the average counts of total coliforms were observed between each of the treated groups and the control group (Fig. 1a) . Prior to inoculation, the feces of 19 of the 20 pigs contained low counts of CTX-resistant coliforms ranging from 1 ϫ 10 3 to 1.25 ϫ 10 5 CFU/g. The counts of CTXresistant coliforms were significantly higher in the three treatment groups than in the control group, and the effects of treatment were evident until day 25 (Fig. 1b) . The inoculated bla CTX-M-1 -positive strain resistant to NAL was recovered from all animals until day 8, but its counts gradually dropped (Fig. 1c) .
Multiple-comparison tests on CTX-resistant coliform counts showed that the estimates for the effect of treatment (leastsquares means) for both ceftiofur and cefquinome differed significantly from the effect of no treatment (control) Table 1 ). The differences in the mean CTX-and NAL-resistant coliform counts were significant only between cefquinome and the control groups (1.5 [95% CI ϭ 0.43, 2.63]) and between the amoxicillin and the cefquinome groups (Ϫ1.5 [95% CI ϭ Ϫ2.5, Ϫ0.35]).
Seventy-two CTX-resistant isolates from days 0 and 25 were identified as E. coli, and the presence of CTX-M in all of them was confirmed by PCR. The bla CTX-M-1 and bla CTX-M-14 genes encoding for ESBL-mediated resistance were found in the indigenous flora of the pigs at the beginning of the experiment (day 0). The E. coli isolates recovered at the end of the experiment (day 25) mostly carried bla CTX-M-1 , and two animals additionally harbored isolates with bla CTX-M-14 . Sequencing of 14 randomly selected amplicons confirmed the presence of bla CTX-M-1 (group 1) and bla CTX-M-14 (group 9). None of the isolates obtained from the CTX plates on day 25 was genetically related to the inoculated strain. Most of them belonged to phylogenetic group A, and the only two isolates belonging to the phylogenetic group of the inoculated strain (group D) displayed distinct PFGE profiles and harbored a different CTX-M gene (bla CTX-M-14 ) (Table 2 ). However, close genetic similarity (Ն89%) to the inoculated strain was displayed by 30 isolates obtained from agar plates containing both CTX and NAL, thereby confirming that the counts on these selective agar plates were representative of the inoculated strain.
DISCUSSION
Treatment with amoxicillin, ceftiofur, or cefquinome resulted in the selection of CTX-M-producing E. coli in the intestinal flora of pigs. With the exception of cefquinome, the observed increase in the counts of CTX-M-producing E. coli was not due to the inoculated strain but to E. coli strains occurring in the indigenous flora of the pigs. Surprisingly, most pigs (19/20) were carriers of CTX-M-producing E. coli before inoculation, including CTX-M-1 and CTX-M-14 variants. Although no information was available on possible factors contributing to their selection on the specific-pathogen-free farm of origin, this finding suggests that it may be difficult to control the risk for colonization of animals with ESBL-producing E. coli. The indigenous CTX-M-producing strains had an ecological advantage over the inoculated strain, as indicated by the
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on November 10, 2017 by guest http://aac.asm.org/ drop in the counts on plates containing NAL and by the genetic characterization of the isolates obtained at the end of the experiment. Several factors might have contributed to this result, such as host factors or a possible loss of fitness due to the quinolone resistance mutation in the inoculated strain, which could have reduced the ability of the strain to colonize the pigs in vivo (16) . It has previously been observed that a predominant E. coli clone is normally associated with the individual intestinal flora and that colonization with externally introduced strains is difficult due to competition with the adapted indigenous flora (9, 10) . The effect of treatment on the counts of the CTX-Mproducing coliforms was statistically significant for all ␤-lactams tested in comparison with the effect of no treatment (control). However, the effect was more marked in the groups treated with ceftiofur and cefquinome (Table 1) . On average, the estimated difference between the counts of CTX-M-producing E. coli in the feces of cephalosporintreated pigs and those in the feces of the control group was about 100-fold higher, and these higher counts persisted for at least 22 days after the end of treatment. Accordingly, the selective effects exerted by ceftiofur and cefquinome persisted beyond their withdrawal times (the time required to ensure that drug residues are below the maximum residue limit in the edible tissues), which were 9 and 5 days, respec- tively. Previous studies on the selective effects of other antimicrobial classes on antimicrobial-resistant Salmonella enterica serovar Typhimurium DT104 have indicated that recent antimicrobial treatment is likely to increase the numbers of resistant bacteria in slaughtered animals (7, 8, 21) . Similarly, our results indicate that pigs treated with cephalosporins and sent to slaughterhouses shortly after the end of the withdrawal time may shed high numbers of ESBLproducing bacteria (3.0 ϫ 10 4 to 9.5 ϫ 10 6 CFU/g feces). Treatment with amoxicillin induced a significant quantitative increase in CTX-resistant coliform counts, although to a lesser extent (less than a 10-fold difference compared with the counts in the control group). However, the withdrawal time of this drug is 30 days, and thus, the risk of meat contamination at the slaughterhouse appears to be lower for this drug. The effect of cephalosporins on the selection of CTX-M-producing members of the family Enterobacteriaceae has been reported by other authors. The longer persistence of CTX-M-9-positive Salmonella enterica serovar Virchow was shown following cefixime treatment in an human fecal flora rat model, but no transfer of the resistance determinant to a recipient strain or to the commensal flora was observed (12) . In our experiment, the increase in the numbers of ESBL-producing bacteria following treatment with ceftiofur or cefquinome was mainly due to the proliferation of indigenous CTX-M-producing strains and to the possible emergence of strains that acquired CTX-M genes by horizontal transfer, as indicated by the high degree of diversity of the population of CTX-resistant E. coli isolates observed by PFGE analysis.
This in vivo study clearly indicates that veterinary cephalosporins select for ESBL-producing E. coli in the intestinal flora of pigs and that such a selective effect persists for a period longer than the withdrawal time required for these antimicrobials. The quantitative data generated by this study might be useful for assessment of the risk of acquisition of antimicrobial resistance from cephalosporin use in pig production. According to the WHO and OIE classifications, broad-spectrum cephalosporins are critically important antimicrobials for both human and animal health (11) . The use of cephalosporins for the treatment of animals should be limited to cases in which the use of narrower-spectrum antimicrobials is not possible due to resistance problems or a proven lack of clinical efficacy by alternative antimicrobial drugs (3). 
